ABSTRACT: Impaired cerebral autoregulation (CA) is common and is associated with brain damage in sick neonates. Frequency analysis using spontaneous changes in arterial blood pressure (ABP) and cerebral near-infrared spectroscopy (NIRS) has been used to measure CA in several clinical studies. Coherence of the NIRS and ABP signals (i.e. correlation in the frequency domain) detects impairment of CA, whereas gain (i.e. magnitude of ABP variability passing from systemic to cerebral circulation) estimates the degree of this impairment. So far, however, this method has not been validated. In 12 newborn piglets, we compared NIRS-derived measures of CA with a conventional measure of CA: cerebral blood flow was measured by laser Doppler flowmetry, and changes in ABP were induced by inflating a thoracic aorta balloon. CA capacity was calculated as %⌬CVR/%⌬ABP (i.e. percentage of full autoregulatory capacity), where CVR (i.e. cerebral vascular resistance) was estimated as ABP/Doppler flux. Correlation between coherence and CA capacity (r ϭ Ϫ0.34, n ϭ 24, p Ͼ 0.05) and between gain and CA capacity (r ϭ Ϫ0.11, n ϭ 24, p Ͼ 0.05) was limited. As expected, however, gain was significantly associated with CA capacity in measurements with significant coherence (r ϭ Ϫ0.55, n ϭ 15, p ϭ 0.03). In conclusion, our data validate frequency analysis for estimation of CA in clinical research. Low precision, however, hampers its clinical application. (Pediatr Res 70: 166-170, 2011) C erebral autoregulation (CA) is a physiological mechanism that cushions the cerebral circulation from transient changes in arterial blood pressure (ABP). With intact CA, cerebral blood vessels dilate proportional to decreases in ABP and constrict with increases in ABP. In that way, cerebral blood flow (CBF) remains approximately constant over a wide range of ABP (1). CA may be disrupted not only in sick preterm infants but also in those that are clinically well (2). However, there is evidence that CBF is independent from ABP over a wide pressure range in preterm infants, suggesting that CA may actually be effective in the immature brain (3). In preterm infants, disrupted CA has been associated with development of intraventricular hemorrhage (IVH) and periventricular leukomalacia (4,5). Impairment of CA narrows the range of ABP where CBF is matched to metabolic needs causing a state with vulnerability to even modest changes in ABP. Therefore, optimal management of ABP would include a possibility to titrate ABP into that range, where CA is working most effectively. However, to date, no monitoring device that measures CA continuously exists. Near-infrared spectroscopy (NIRS) detects changes in cerebral oxygenation noninvasively and continuously. Assuming that these changes represent changes in CBF, frequency analysis yielding coherence and gain between spontaneous changes in ABP and cerebral NIRS could fill that role. Coherence (i.e. correlation in the frequency domain) is supposed to detect impairment of CA, whereas gain estimates the magnitude of this impairment (i.e. amount of ABP variability passing from systemic to cerebral circulation). A low gain would indicate that although CA was not perfect, at least the magnitude of changes in cerebral oxygenation was small or moderate. Similarly, a high gain would indicate that even moderate changes in ABP were associated with large changes in cerebral oxygenation.
C erebral autoregulation (CA) is a physiological mechanism that cushions the cerebral circulation from transient changes in arterial blood pressure (ABP). With intact CA, cerebral blood vessels dilate proportional to decreases in ABP and constrict with increases in ABP. In that way, cerebral blood flow (CBF) remains approximately constant over a wide range of ABP (1) . CA may be disrupted not only in sick preterm infants but also in those that are clinically well (2) . However, there is evidence that CBF is independent from ABP over a wide pressure range in preterm infants, suggesting that CA may actually be effective in the immature brain (3) . In preterm infants, disrupted CA has been associated with development of intraventricular hemorrhage (IVH) and periventricular leukomalacia (4, 5) . Impairment of CA narrows the range of ABP where CBF is matched to metabolic needs causing a state with vulnerability to even modest changes in ABP. Therefore, optimal management of ABP would include a possibility to titrate ABP into that range, where CA is working most effectively. However, to date, no monitoring device that measures CA continuously exists. Near-infrared spectroscopy (NIRS) detects changes in cerebral oxygenation noninvasively and continuously. Assuming that these changes represent changes in CBF, frequency analysis yielding coherence and gain between spontaneous changes in ABP and cerebral NIRS could fill that role. Coherence (i.e. correlation in the frequency domain) is supposed to detect impairment of CA, whereas gain estimates the magnitude of this impairment (i.e. amount of ABP variability passing from systemic to cerebral circulation). A low gain would indicate that although CA was not perfect, at least the magnitude of changes in cerebral oxygenation was small or moderate. Similarly, a high gain would indicate that even moderate changes in ABP were associated with large changes in cerebral oxygenation.
Physiological adjustments of CBF occur both quickly and slowly (6, 7) . This temporal heterogeneity of CA is accounted for when correlation between cerebral NIRS and changes in ABP is analyzed in the frequency domain. Furthermore, analysis in the frequency domain eliminates the effect of time lag between changes in ABP and cerebral NIRS as a consequence of cerebrovascular transit time being ϳ10 s in neonates (8) .
Frequency analysis between spontaneous changes in ABP and cerebral NIRS has been used in several clinical studies of preterm infants to measure CA and has demonstrated that impaired CA is frequent (9) and associated with IVH (10, 11) and mortality (12) in this vulnerable group of patients. However, to our knowledge, so far no studies have validated reliability of this method against a conventional measurement of CA. Within the time domain, Brady et al. (13) studied the correlation between cerebral NIRS and spontaneous ABP changes in a piglet model of slowly progressing hypotension and found it to be sensitive for loss of CA when compared with laser Doppler flowmetry (LDF).
We aimed to validate the use of frequency analysis to measure coherence and gain between cerebral NIRS and spontaneous fluctuations in ABP for noninvasive measurement of CA by comparing it with a conventional measurement of CA in piglets using induced changes in ABP and LDF.
METHODS
The study was approved by the National Committee on Animal Experimentation, Denmark.
Anesthesia. In 12 piglets, aged 1-3 d (median age, 1.5 d) and weighing 1.4 -2.0 kg (median weight, 1.6 kg), anesthesia was induced by inhalation of 3% isoflurane followed by an i.v. induction dose of propofol (5 mg/kg). Analgesia for the surgical procedures was secured with an i.v. bolus of fentanyl (20 g/kg). A tracheostomy was performed, and mechanical ventilation was instituted. Isoflurane inhalation was stopped, and anesthesia was maintained with i.v. propofol (15-25 mg/kg/h) for the duration of the experiment. We choose this anesthetic regime to avoid the known effect of inhaled anesthetics on cerebrovascular responsiveness during the experiment (14) . Fraction of inspired oxygen and ventilation were adjusted to keep arterial saturation at 95 to 98% and partial pressure of CO 2 in arterial blood at 4 to 6 kPa.
Surgical preparation and monitoring of animals. The femoral arteries were cannulated bilaterally for placement of the following: 1) a pressure and blood gas monitoring line and 2) a 4-Fr catheter with an inflatable balloon near its tip (Fogarty Fortis, Arterial Embolectomy Catheter, Edwards Lifesciences). Inflation of this balloon occluded the lumen of the thoracic part of aorta resulting in gradual cerebral hypertension. Position of the Fogarthy catheter was checked with inflation of the balloon: first inflation with the tip of the pressure line placed below the tip of the Fogarthy catheter causing a flat arterial pressure curve. Then the pressure line was further advanced until inflation of the balloon caused hypertension with an intact arterial pressure curve. The femoral vein was cannulated for placement of a central venous line for drug and fluid infusion (4 Fr double lumen catheter). Infusion of glucose (10%, 2.5 mL/kg/h) was maintained throughout the experiment. Finally, all incisions were infiltrated with bupivacaine (2.5 mg/mL). All piglets received ampicillin (200 mg/kg) and gentamicin (4 mg/kg) as a single dose before catheterization.
Piglets were kept on a warming pad to maintain rectal temperature at 38.5°C to 39.5°C. Arterial saturation and heart rate was monitored by pulse oximetry from the forepaw (Radical 7, Masimo, Hannover, Germany).
Near-infrared spectroscopy. NIRS data were recorded using a NIRO-300 spectrophotometer (Hamamatsu Photonics, Hamamatsu City, Japan). The probes were fixed in a nontransparent, soft probe holder with an interoptode distance of 4 cm and placed above the eye, across the frontal and parietal cortex. A self-adhesive band (Coban, 3M) was used to secure its position over time (Fig. 1) . Changes in the relative concentrations of oxygenated and deoxygenated Hb were recorded and used to calculate the oxygenation index (OI). OI is the difference between oxygenated and deoxygenated Hb divided by a factor of 2. Changes in OI have been validated to represent changes in CBF in several animal studies (15) (16) (17) .
Laser Doppler. A craniotomy (diameter: 4 mm) was performed for parietal placement of a LDF probe without perforating the dura (Perimed 5010, Stockholm, Sweden), opposite the side of the NIRS probes. To secure stable measurements from the same area of cerebral cortex over time, the probe was placed in a specially designed metal washer glued to the skull, and positioned to avoid high baseline flux values secondary to placement over large vessels ( Fig. 1 ). Correct position of the probe was checked by inflation of the thoracic aorta balloon after inhalation of 3% isoflurane for 1 1 ⁄2 min, known to abolish CA (14) . Position of the probe was only accepted if Doppler flux increased in parallel with ABP, thereby eliminating noise to cause the observed changes in Doppler flux during balloon inflations. We checked the position before beginning of the experiment and again before each series of measurement during baseline measurements, where changes in Doppler flux were minimal.
Signal sampling. ABP waveforms were measured with a pressure transducer connected to the arterial catheter. Before the mean ABP (MAP) was calculated, the ABP data were filtered by a first-order low-pass filter with a cutoff frequency of 0.3 Hz. NIRS, LDF, and MAP data were sampled simultaneously and synchronized with arterial saturation at 2 Hz by an AD converter and stored on a laptop for further analysis. All signals were displayed throughout the study (LabVIEW, National Instruments).
Experimental protocol. Piglets were studied during baseline and during hypovolemia (induced by withdrawal of 1 ⁄3 of the estimated blood volume (mL) (weight (g) ϫ 0.07 ϫ 1 ⁄3). Hypovolemia was induced to validate the method over a range of hemodynamic conditions. In both states, spontaneous changes in ABP and cerebral oxygenation (NIRS) were monitored for 40 min. Before and after this period of spontaneous changes in ABP, the thoracic aorta balloon was inflated six times (three times with half its maximum volume and subsequently three times with its maximum volume). Inflations lasted 30 s and pauses lasting 30 s were interpolated (corresponding to a frequency of 0.02 Hz). CA capacity was calculated from changes in cortical flux (LDF probe) (Fig. 2) . After each experiment, the piglet was killed under general anesthesia with i.v. pentobarbitone (100 mg/kg).
Calculation of NIRS derived measures of CA (coherence and gain). Transfer function analysis of coherence and gain between continuous measurements of spontaneous changes in OI and MAP were computed in two frequency bands: 1) the very low frequency range (VLF; 0.003-0.04 Hz) and the low frequency range (LF; 0.04 -0.1 Hz), corresponding to periodic variations occurring over 25-300 and 10 -25 s (Matlab, Math Works). The numeric value of coherence ranges between 0 and 1, with 1 indicating perfect frequency-specific correlation (i.e. lack of CA) and 0 indicating complete lack of correlation (i.e. perfectly working CA) (7). Data were divided into 10-min epochs, which were subdivided into three segments of 5 min with 50% overlap, and a Hanning-window was applied to minimize spectral leakage. Time signals of OI and MAP were then detrended and transformed into power Picture showing the placement of the LDF probe (A) and NIRS optodes (B) on the head of a piglet. The LDF probe was placed in a specially designed metal washer that was glued to the skull enabling stable measurements from the same area of cerebral cortex over time. The tip of the probe was placed in a 4-mm craniotomy in contact with dura. The NIRS-optodes were fixed in a nontransparent, soft probe holder and placed above the eye, across the frontal and parietal cortex opposite the site of the craniotomy. We used a self-adhesive bandage to secure its position over time. 
-min epoch, coherence and gain were averaged over the frequency band. Moreover, to reduce possible measurement noise caused by ABP sometimes vary much and sometimes little, we weighted these repeated measurements of coherence and gain with amount of variability in ABP in form of transfer power, i.e. epochs with high variation in ABP were weighted in favor of those with low variation in ABP. This procedure left us with a single weighted mean of coherence and gain in each piglet during baseline and hypovolemia, respectively. As described in details in an earlier work, we used Monte Carlo simulations to find the level of significant coherence (Ն0.47 in VLF and Ն0.45 in LF) (18) . In short, OI and MAP signals were reshuffled randomly 10,000 times. These 10,000 values were then sorted in ascending order, and the 95% percentile was taken as the 95% CI of significant coherence. In physiological terms, statistically significant coherence implies that CBF, to some extent, varies with changes in ABP.
Low spontaneous variability in ABP decreases the signal-to-noise ratio, and consequently physiological and instrumental noise dominates the cerebral oxygenation. This can incorrectly deem a measurement as having insignificant coherence. To estimate the impact of noise, we tested whether PSD of MAP and estimated instrumental or physiological noise differed between measurements with significant and insignificant coherence. We estimated instrumental noise as the spontaneous 1 ⁄2-sec variation of OI during 10 min of measurements. Physiological noise was then estimated as follows: ͱ͑1 Ϫ coherence͒ ϫ PSD͑OI͒ Ϫ noise 1 , where noise I is the estimated instrumental noise.
Calculation of laser Doppler derived measures of CA (CA capacity). CA capacity was calculated as described by Tiecks et al. (19) . We calculated percentage change in estimated cerebrovascular resistance (CVR e ) in relation to change in ABP. To allow steady state to be obtained, we used a mean over the last 15 s during baseline (1) and during each balloon-induced ABP rise (2) (Fig. 2) . We estimated CVR as CVR e ϭ ABP/laser Doppler flux and calculated static CA capacity as CA capacity ϭ (%⌬CVR e /%⌬ABP) ϫ 100% with %⌬CVR e ϭ (CVR e 2 Ϫ CVR e 1)/CVR e 1 and %⌬ABP ϭ (ABP2 Ϫ ABP1)/ABP1. Thus, CA capacity is expressed as a percentage of full autoregulatory capacity. Hence, a rise in ABP that is fully compensated by a rise in CVR, i.e. perfectly working CA, would yield a CA capacity of 100%. Similarly, a CA capacity of 0% arises if CVR does not change at all, i.e. totally impaired CA. Finally, we calculated a mean value of CA capacity in each piglet during both baseline and hypovolemia.
Statistics. In general, we used parametric methods when normality could be obtained and nonparametric methods if this was not the case. Pearson correlation coefficient r was used to measure the strength of the correlation between all paired averages for CA capacity and coherence and gain in both frequency ranges (SPSS statistics 17.0). Before these analyses, normality was checked visually and with Shapiro-Wilk W test for normality. To obtain normality, gain was transformed reciprocally (i.e. gain Ϫ1 ). We used the Mann-Whitney U test to test whether noise and PSD of MAP differed between measurements with significant and insignificant coherence. Wilcoxon-signed rank test was used to study how PSD of MAP differed between VLF and LF. A two-tailed p value of 0.05 was considered significant.
RESULTS

NIRS derived measures of CA (coherence and gain).
Fifteen (63%) of the 24 measurements (two in each piglet) had significant coherence in VLF. In LF, the same number was 10 (42%). Amount of spontaneous variation in MAP (i.e. PSD of MAP), instrumental noise, and physiological noise did not differ significantly between measurements with and without significant coherence (data not shown). Median amount of spontaneous variation in MAP was significantly higher in VLF compared with LF ( Laser-Doppler-derived measures of CA (CA capacity). A total of 258 induced ABP rises in the 12 piglets were obtained in which ABP and cortical laser Doppler flux reached steady state (135 during baseline and 123 during hypovolemia). In each piglet repeated measurements of CA capacity were averaged in both states, yielding a total of 24 measurements. The overall mean CA capacity in all piglets was 54% (Ϯ5.4%).
Correlation between NIRS and laser Doppler-derived measures of CA. In VLF correlation between coherence and CA capacity (r ϭ Ϫ0.34, n ϭ 24, p Ͼ 0.05) and between gain and CA capacity (r ϭ Ϫ0.11, n ϭ 24, p Ͼ 0.05) was poor. However, for the subgroup of measurements with significant coherence (i.e. coherence exceeding the limit of 0.47), there was a strong, significant correlation between gain and CA capacity (r ϭ Ϫ0.55, n ϭ 15, p ϭ 0.03) with high gain associated with low CA capacity (Fig. 3) .
In LF, all correlations were poor and insignificant (r ϭ 0.01 for coherence, r ϭ 0.13 for gain and r ϭ Ϫ0.004 for gain in the subgroup with significant coherence).
Two illustrative examples of 40 min measurements of cerebral NIRS (OI) obtained during spontaneous changes in ABP are shown in Fig. 4 . In both measurements, coherence was significant (VLF range). However, gain, i.e. the amount of spontaneous variation in ABP which was being transferred to the cerebral circulation, clearly differed. This difference was reflected in CA capacity changing from 85 to 21%.
DISCUSSION
This is the first study aiming to validate the use of frequency analysis of cerebral NIRS and ABP to quantify spontaneous autoregulatory vasoreactivity continuously in the neonatal brain. We used a newborn piglet model and demonstrated that this noninvasive method has potential use for measuring CA in clinical research.
Before we discuss the implications of our findings, several methodological aspects of the study should be considered. First, newborn piglets have anatomical and physiological similarities with the human infant and the developmental stage corresponds to that of a 36-to 38-wk human infant (20) . Brain maturation and cerebral hemodynamics in the piglet are similar to that of human infants (21) as is the thickness of the skull. Although the piglet brain is smaller, it is big enough to allow placement of the optodes to ensure that light transverses the brain. Second, the piglets were anesthetized, mechanically ventilated, and usually very stable. This means that the spontaneous variability of ABP often was low leading to a poor signal-to-noise ratio. We used a procedure of weighting that gives periods with high PSD of ABP, i.e. periods with more variability in ABP, more weight in the final result compared with periods with low PSD of ABP, as this is known to increase the precision of this method (18) . Third, to account for the possibility that time under anesthesia may affect the effectiveness of CA, we measured CA capacity both before and after the 40-min period of spontaneous changes in ABP. Fourth, the difference in the way that LDF and NIRS estimate CBF must also be addressed. LDF measures erythrocyte flow velocity in the microvasculature, whereas NIRS measures changes in concentration of oxygenated Hb. Blood flow velocity might only vary over a limited range in these small vessels. Above that range, further increase in CBF will be reached by recruitment of more capillaries for erythrocyte flow. This should be accounted for by the inclusion of the Doppler signal amplitude in the perfusion measure of LDF. Anyway, increased CBF might not be recognized proportionally by LDF and NIRS (22) . Fifth, aside from an effectively working CA, an insignificant coherence between spontaneous changes in ABP and cerebral NIRS can basically result from 1) a low variance in ABP and/or 2) a nonlinear relationship between ABP and cerebral oxygenation (23) . Low variance in ABP can lead to a situation where the autoregulatory system is not tested sufficiently and hence the variability in cerebral oxygenation is instead dominated by 1) physiological noise such as variability of arterial content of carbon dioxide, arterial saturation, or cerebral uptake of oxygen or 2) instrumental noise due to limitations of the optics. In our data, however, spontaneous variation in ABP and estimated physiological or instrumental noise did not differ significantly between measurements with and without significant coherence. Sixth, we used OI as a proxy for CBF. This can only be assumed if cerebral oxygen consumption and arterial saturation are kept unchanged (17) . In our setting, however, inspired oxygen concentration and mechanical ventilation parameters were held constant to keep arterial saturation at 95 to 98%. Furthermore, we consider cerebral oxygen consumption to be stable during measurements, because our piglets were deeply anesthetized with a constant infusion rate of propofol.
To some surprise, a high coherence between cerebral NIRS and spontaneous ABP changes was only weakly and statistically insignificantly correlated with low CA capacity as measured with LDF during induced ABP changes. However, in the subgroup of measurements with significant coherence (i.e. with a sufficient signal-to-noise ratio), a high gain was associated significantly with low CA capacity in the VLF range. In principle, coherence exceeding the level of significance indicates that CA is not working perfectly (i.e. that the slope of CBF against ABP is not precisely zero), whereas the gain is an estimate of the actual magnitude of this impairment (i.e. the slope of the curve). Consequently, this latter finding was expected.
Measurements in the LF range (i.e. periodic variations occurring over 10 -25 s) were only poorly correlated to CA capacity. In line with this finding, Brady et al. (13) in their piglets study found the VLF range sensitive to loss of CA during hypotension, whereas higher frequencies were not. Their finding suggests that the VLF range is useful for studying CA in piglets. The fact that the amount of spontaneous variability in MAP in LF was almost eight times smaller than in the VLF range (i.e. periodic variations occurring over 25-300 s) might partly explain our finding. It is, however, in contrast to an earlier study by our group in preterm infants, where coherence analysis in LF had higher precision and statistically more power than in the VLF range (18) . In that study, however, only 9% were ventilated mechanically. That is, irregular fluctuations in partial pressure of CO 2 in arterial blood might have contributed to the lower statistical power in the VLF range.
Our study demonstrates that detection of impaired CA based on significant coherence classifies measurements with minor impairment (high CA capacity and low gain) together with measurements with major impairment (low CA capacity and high gain; Fig. 3C ). Consequently, association to clinical outcome seems most reasonable for gain and not just coherence.
Clinical studies in preterm infants support the relevance of our findings. In a study by Soul et al. (9) , significant coherence alone was frequent but, surprisingly, not associated with IVH. In the subgroup of infants with significant coherence, however, reanalysis demonstrated a significant association between high gain and IVH (10) .
Our findings support the concept that CA is a question of quantity and not just quality (24) . In other words, CA is not an all-or-none phenomenon but rather a degree of a mechanical response to a change in intravascular pressure. The mechanical response depends on a large number of cellular and molecular mechanisms (1), and it is not surprising that these mechanisms work at varying effectiveness. This concept is supported by a study in preterm infants where xenon clearance was used to measure CBF, finding a CBF-ABP reactivity corresponding to a CA capacity of 75% in infants who did not develop any ultrasonographic signs of severe IVH (4).
The method is feasible and could be included in the NIRS monitors that are now marketed for clinical use. In patients who already are equipped with an arterial line to monitor ABP, this method requires no additional invasive procedures. The use of spontaneous changes in ABP obviates the need for manipulation of ABP in unstable patients. Unfortunately, as demonstrated in an earlier work by our group (18) , its precision is so low that it requires several hours of monitoring to achieve a reliable measurement of coherence. The time needed to estimate gain reliably is not yet known.
In conclusion, our data partly validate frequency analysis for estimation of CA in the newborn brain. In research, a limited precision can be compensated for by larger study populations. For clinical use, the precision, however, seems insufficient.
